1,4,5 PURPOSE. Genetic variation in complement factor H (CFH) has been implicated as a major risk factor for age-related macular degeneration (AMD). The reduction in CFH amount or its complement-modulating activity may lead to inadequate control of complement-driven inflammation at the outer retina. We explored the effect of photo-oxidative stress and inflammatory cytokine on the expression of CFH in retinal pigment epithelial (RPE) cells. METHODS. Cultured human RPE cells were exposed to blue light in the presence of interferon-␥ (IFN-␥). CFH expression in cell lysate was examined by Western blot and the secretory CFH in culture medium was analyzed by ELISA. RPE cells were treated with vitamin C and exogenous superoxide dismutase mimetic (Tempol) before photo-oxidative treatments. The intracellular reactive oxygen species were examined by flow cytometry. RESULTS. IFN-␥ increased CFH expression in RPE and the expression was suppressed significantly under concomitant blue light illumination. The secretory CFH level also decreased significantly under blue light illumination, which was related to the decreased intracellular mRNA and protein expressions of CFH. The suppression was mediated through an oxidative mechanism, and was particularly related to superoxide anion generation. The suppression of CFH expression in RPE under blue light illumination was abrogated by vitamin C and Tempol. CONCLUSIONS. Photo-oxidative stress reduces the ability of IFN-␥ to increase CFH expression in RPE. Apart from reducing the oxidative damage, vitamin C reduces the suppression of CFH under photo-oxidative stress. These results suggest a new perspective of the interaction between oxidative stress and inflammation, and provide a potential novel treatment strategy for age-related macular degeneration. (Invest Ophthalmol Vis Sci. 
A ge-related macular degeneration (AMD) is one of the leading causes of blindness among patients aged 50 years or older in developed countries. [1] [2] [3] It consists of a spectrum of disease phenotypes including drusen deposits along the Bruch's membrane, geographic atrophy, and choroidal neovascularization. 4 Recent studies showed that chronic inflammation and complement activation play crucial roles in AMD pathogenesis. 5 There are increased inflammatory cells infiltration at outer retina of macula with advanced AMD. [6] [7] [8] Immune-related proteins such as C-reactive protein, immunoglobulin G, vitronectin, and some terminal complement components accumulate in the cytoplasm of retinal pigment epithelium (RPE) in eyes with drusen. 6, 9, 10 Further identification of the composition of drusen by immunohistochemistry and proteomic studies also showed acute phase reactants, immunoglobulins, activated complement components, and immune-regulatory proteins such as vitronectin and complement factor H (CFH). 5, 6, [11] [12] [13] CFH is a major inhibitor of the alternative complement activation pathway that plays a critical role in driving the inflammatory responses in outer retina and is associated with AMD pathogenesis. 14 -16 A number of genetic variants of CFH are associated with the risk of AMD in various ethnic groups. 11, [17] [18] [19] [20] [21] It is suggested that the reduction of CFH amount or its complement-modulating activity may lead to inadequate control of complement-driven inflammation at the outer retina, which contributes to the pathogenesis of AMD. [22] [23] [24] It was reported that cumulative oxidative stress also plays a significant role in the pathogenesis of AMD. 25 Apart from aging and smoking, the two major risk factors of AMD that are associated with oxidative stress, higher cumulative lifetime exposure to sunlight is also found to increase the risk of AMD. 26 -30 Individuals with low levels of serum antioxidants and more blue light exposure are at higher risk of developing neovascular AMD. 31 RPE defect and loss has been implicated as the key factor of the initiation and progression of AMD. [32] [33] [34] Being located in the microenvironment that is constantly exposed to photooxidative stress and inflammatory cytokine stimulation, factors that lead to RPE dysfunction can be complicated. In vivo and in vitro studies showed that blue light illumination imposes significant stress on RPE. [32] [33] [34] [35] Inflammatory cytokines and leukocyte infiltration can lead to RPE apoptosis. 36, 37 However, the effect of simultaneous exposure to blue light-induced photooxidative stress and inflammatory cytokine on RPE remain unclear. RPE is an important local source of CFH in outer retina. 11,38 -40 Abundant transcripts and proteins of CFH were found in freshly isolated RPE cells. 11,38 -40 The decrease in CFH level may lead to excessive complement activation and retinal degeneration. 41 Previous studies showed that phagocytosis of oxidized photoreceptor outer segment 40 and exposure to chemical oxidants 42 reduced the production of CFH in RPE. In the present study, we investigated the effect of inflammatory cytokine and blue light illumination on CFH expression in RPE, which, to the best of our knowledge, has never been determined before. We also investigated the possible mechanisms involved in the modulation of CFH expression under photooxidative damage and inflammatory cytokine treatment.
METHODS

Cell Culture
Human adult RPE (ARPE-19; American Type Culture Collection, Manassas, VA) cells were used in this study. The cells were grown in T75 flasks and cultured in Dulbecco modified Eagle medium (DMEM)-F12 medium supplemented with 10% fetal calf serum and penicillin and streptomycin at 37°C in humidified 5% CO 2 /95% air. All experiments were carried out using RPE cells between 25 and 30 passages.
Illumination and Treatments
Approximately 5 ϫ 10 5 cells were seeded in a 6-cm dish for 24 hours before illumination and treatments. The cells were treated with various concentrations (10, 50 , and 100 ng/mL) of recombinant human interferon-␥ (IFN-␥; Abcam, Cambridge, UK) for 24 hours, after which the cells were lysed to determine the CFH protein level and mRNA expression. To study the effect of concomitant exposure of inflammatory cytokine and photo-oxidative stress on the CFH expression in RPE, the cells were treated with 50 ng/mL IFN-␥ and illuminated with blue light. The illumination was delivered by the Super actinic/03 (TLD 15W/03) fluorescent lamp (Philips Lighting Company, Somerset, NJ) with a peak wavelength of 420 nm and a narrow band width in which 90% spectrum distribution was within 400 to 450 nm. 43 The cells were irradiated at 8 mW/cm 2 measured at the peak spectrum of 420 nm (OPHIR PD300; Ophir Optronics Inc., Logan, UT) for 30, 45, and 60 minutes, respectively, from the bottom of the culture dish to avoid interference from the red color medium. For some experiments, cells were treated concomitantly with 0.5 mM vitamin C (L-ascorbic acid; Sigma-Aldrich, St. Louis, MO) or 20 hours ahead with 1 mM 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (Tempol; Alfa Aesar, Ward Hill, MA).
Assay of Cell Viability
Cell viability at 24 hours after treatment was assessed by alamarBlue assay (AbD Serotec, Oxford, UK). Cells were incubated with fresh medium containing alamarBlue cell viability assay reagent at 37°C for 40 minutes. The fluorescence intensity was measured 2 8 .0], 1% Triton X-100) containing protease inhibitors (Sigma-Aldrich). Cell extracts were then centrifuged at 15,000g for 5 minutes at 4°C, and the supernatant was collected. Protein content in the supernatant was determined using a protein assay reagent (Bradford; Bio-Rad Laboratories, California). An equal amount of protein from each sample was resolved on reducing 10% SDS-PAGE. Western blot analysis was carried out using sheep polyclonal anti-CFH antibody (1:500 dilution; Abcam). Protein bands were detected using an enhanced chemiluminescence kit (Millipore, Billerica, MA) according to the manufacturer's protocol.
Measurement of Secretory CFH Protein
RPE was seeded at a 5 ϫ 10 5 cells per mL density in a 6-cm dish. After 24 hours, the cells were gently washed with serum-free medium. The medium was replaced with Dulbecco modified Eagle medium without addition of serum before treatments and illumination. Twenty-four hours after treatments, the serum-free culture medium was collected and concentrated (Amicon Ultra Centrifugal Filter Unit with Ultracel-30 membrane; Millipore). Semiquantitative analysis of the secretory CFH protein in the culture medium was performed by Western blotting. Protein concentrations were quantified by Bradford protein assay and adjusted to allow loading of equal amounts of total proteins on the gel. Quantitative analysis of the secretory CFH concentration in the serumfree culture medium was performed using a commercialized ELISA kit for human CFH (Hycult Biotech, Uden, The Netherlands) according to the manufacturer's instructions. The detection range is 3.9 -250 ng/ mL. To normalize the secretory CFH in the culture medium with the cell number in each dish, total cellular protein of each dish was determined. Cells in each culture plate were lysed on ice with buffer (50 mM HEPES [pH 7.4], 4 mM EDTA [pH 8.0], 2 mM EGTA [pH 8.0], 1% Triton X-100) containing protease inhibitors (Sigma-Aldrich). Cell extract was then centrifuged at 15,000g for 5 minutes at 4°C, and the supernatant was collected. The protein content in the supernatant was determined using the Bradford protein assay reagent (Bio-Rad Laboratories). The amount of secretory CFH in the culture medium was normalized with the amount of total cellular proteins, expressed as ng/g (secretory CFH/cellular protein).
Determination of CFH mRNA Expression by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
The relative expression of CFH mRNA in RPE cells before and after photooxidative stress was determined by real-time quantitative PCR. The data were normalized with an internal control, the large P0 subunit of human ribosomal protein. Total RNA was extracted (TRI Reagent; Invitrogen, Carlsbad, CA). Reverse transcription was performed at 42°C for 1 hour using 5 g of total RNA with RT-PCR beads (Ready-to-Go; GE Health Care, Buckinghamshire, UK). Each 20-L PCR reaction mixture was prepared (LightCycler FastStart DNA Master PLUS SYBR Green I kit; Roche Diagnostics, Mannheim, Germany; and DyNAmo ™ Capillary SYBR® Green qPCR Kit; Finnzymes, Vantaa, Finland). The sequences of the primer pair used for the determination of CFH gene expression were 5Ј-TTGCACACAAGATGGATGGT-3Ј and 5Ј-GGATG-CATCTGGGAGTAGGA-3Ј, which were designed to hybridize in two different exons to prevent amplification of any remaining genomic DNA. 41 The sequences of the primer pair used to amplify the internal control were 5Ј-CGACCTGGAAGTCCAACTAC-3Ј and 5Ј-ATCTGCTGCATCTGCTTG-3Ј. 42 The amplification conditions were: denaturation at 95°C for 10 seconds, annealing at 56°C for 15 seconds, and extension at 72°C for 20 seconds for a total of 40 cycles. Sequencing of the PCR products was performed to confirm the amplification of CFH mRNA.
Determination of Intracellular Reactive Oxygen Species (ROS)
For measurement of the intracellular levels of hydrogen peroxide (H 2 O 2 ) and superoxide anion (O 2 -. ), cells were incubated in a medium containing 20 M 2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCF; Invitrogen) and 10 g/mL hydroethidine (HE; Invitrogen), respectively, at 37°C in the dark for 10 minutes. Cells were then resuspended in PBS, and the fluorescence intensity of 10,000 cells was recorded on a flow cytometer (model EPICS XL-MCL; Beckman, Brea, CA) with the excitation wavelength at 488 nm and emission wavelengths at 535 nm and 580 nm for the measurement of H 2 O 2 and O 2 -. , respectively.
Immunofluorescent Staining
The cells were seeded in a culture dish with coverslips at 24 hours before treatment. Twenty-four hours after various treatments, coverslips with RPE cells were washed three times with cold PBS. The cells were fixed for 10 minutes at room temperature with 4% paraformaldehyde-PBS, and permeabilized for 5 minutes with 0.2% Triton X-100 PBS. After blocking with 5% BSA, the cells were incubated with the primary antibody (sheep anti-human CFH polyclonal antibody; Abcam) at 1:250 dilution in Tris-buffered saline (TBS) for 90 minutes at room temperature, followed by the secondary antibody (Cy3-conjugated donkey anti-sheep IgG; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) at 1:400 dilution in TBS for another hour. Each step was preceded by a three-time wash in PBS. To stain the nucleus, cells were incubated with 40 g/mL 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for 20 minutes at room temperature. The coverslips were then mounted on glass slides and examined at room temperature with a confocal laser scanning biological microscope (FV1000; Olympus, Tokyo, Japan).
Statistical Analysis
Statistical analysis was performed (SPSS version 18; SPSS Inc.,Chicago, IL). The data were presented as mean Ϯ SD of the results from three independent experiments. The significance level was determined by one-way analysis of variance (ANOVA) with Bonferroni correction and Dunnett's correction for multiple comparisons. A difference was considered statistically significant at P Ͻ 0.05.
RESULTS
CFH Expression in RPE under Concomitant Exposure of IFN-␥ and Blue Light Illumination
The Figs. 2A and 2B ). Western blotting of the RPE cell lyastes at 24 hours after blue light illumination showed a dose-dependent suppression of CFH expression (Figs. 2C  and 2D ). Semiquantitative analysis of the secretory CFH in RPE culture medium by Western blotting also showed a dose-dependent suppression under blue light illumination and 50 ng/mL IFN-␥ incubation (Fig. 2E) . Blue light illumination had the same suppressive effect on IFN-␥-stimulated CFH expression in both serum-free and serum-containing media (Fig. 2F) . These results suggest that blue light illumination reduced the ability of IFN-␥ to increase CFH expression in RPE cells in a dose-dependent manner. Both the cellular and secreted CFH protein levels decreased significantly under blue light illumination. 
Effect of Vitamin C on the Blue Light-Induced CFH Suppression in RPE
To further investigate the role of oxidative stress in the suppression of CFH under blue light illumination, 0.5 mM vitamin C was added into the medium before illumination. The addition of vitamin C restored the cell viability under blue light illumination (Fig. 3A) . Cellular and secretory protein levels of CFH decreased significantly under blue light illumination and the addition of vitamin C restored the protein levels (Figs. 3B,  3C, and 3D) . The CFH mRNA expression in RPE cells also decreased significantly under blue light illumination and the suppression was reduced by adding vitamin C (Fig. 3E) . These data indicate that blue light-induced photo-oxidative stress suppressed mRNA and protein expression of CFH in RPE cells, and the suppression was mediated through an oxidative mechanism because it was abrogated by vitamin C, which is a major antioxidant and free-radical scavenger in the human blood stream.
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The Role of ROS in the Blue Light-Induced CFH Suppression in RPE We further investigated the ROS primarily involved in the blue light-induced CFH suppression in IFN-␥-treated RPE. Intracellular ROS levels were determined at 3 and 6 hours after IFN-␥ 
comparisons). (E)
Semiquantitative analysis of the secretory CFH in RPE culture medium by Western blotting also showed a dose-dependent suppression by blue light illumination. (F) Western blot for CFH in RPE incubated with 50 ng/mL IFN-␥ in serum-free or serum-containing media and illuminated concomitantly with 420 nm blue light with an intensity of 8 mW/cm 2 for 30 minutes. Blue light illumination had the same suppressive effect on IFN-␥-stimulated CFH expression in both serum-free and serum-containing media. All data were obtained from three independent experiments and expressed as mean Ϯ SD. incubation and blue light illumination. The O 2 -. level, detected by HE stain, increased significantly under blue light illumination and the level reduced with vitamin C coincubation (Fig. 4A) . However, the level of H 2 O 2 did not change under different treatments (Fig. 4B) . Similar results of HE and DCF staining of intracellular ROS were obtained at 6 hours after treatments (data not shown). The role of O 2 -. in the suppression of CFH was further confirmed by the addition of Tempol (Alfa Aesar), which can catalyze the conversion of O 2 -. to H 2 O 2 that can be turned into water by catalase or the glutathione peroxidase system. 45 Pretreatment of the RPE cells with this membrane-permeable free radical scavenger significantly reduced the CFH suppression under blue light illumination (Figs. 5A and 5B), and the effect was related to the reduction of intracellular O 2 Ϫ. anions (Fig. 5C ). The H 2 O 2 level did not change significantly under different treatments (Fig. 5D) . These results suggest that the suppression of CFH under blue light illumination was primarily mediated through the increased generation of intracellular superoxide anions. 
Immunofluorescent Staining of CFH
We further studied the distribution and the change of intracellular CFH under IFN-␥ treatment and blue light illumination. The constitutive CFH protein expression in RPE cells was undetectable with immunofluorescent staining (Fig. 6B) , and the expression increased significantly after treatment with 50 ng/mL IFN-␥ (Fig.  6C) . The protein was located mainly around the perinuclear area and distributed in a granular pattern, suggesting encapsulation with secretory vacuoles. The intracellular CFH expression decreased markedly under blue light illumination, and the suppression was reduced significantly by vitamin C coincubation (Figs.  6D and 6E ). Taking together, these findings suggest that the decrease in the secretory CFH under blue light illumination was related to the reduction of intracellular CFH mRNA and protein expression, and was not related to the interference of the secretory process of the protein.
DISCUSSION
Blue light-induced photo-oxidative damage and inflammation have been implicated to impose significant stress on RPE and lead to RPE dysfunction, which is a significant component of the initiation and progression of AMD. [32] [33] [34] [35] [36] [37] To our knowledge, the interaction between these two factors and their effects on RPE have not been explored before. Our study showed that blue light-induced photo-oxidative stress reduced the ability of IFN-␥ to increase CFH expression in RPE. Both the secretory and cellular CFH protein levels decreased significantly under blue light illumination. The suppression was related to the decrease in CFH mRNA expression and was mediated through superoxide anion generation under blue light illumination. Vitamin C and Tempol (Alfa Aesar) abrogated the suppression of CFH under photo-oxidative stress. To the best of our knowl- edge, this study is the first to explore the effect of photooxidative stress and inflammatory cytokine on the expression of CFH in RPE.
IFN-␥ is a proinflammatory cytokine that plays important roles in both innate and adaptive immunity. 46 It is secreted by various immune-related cells including the dendritic cell that is strongly associated with drusen biogenesis. 12 The immunomodulating effect of IFN-␥ at the outer retina is complex and delicate. It alters the antigenicity of RPE cells, activates and recruits leukocytes, and magnifies local inflammatory response in the outer retina. [47] [48] [49] On the other hand, IFN-␥ may also play a protective role in the immune response by upregulating the expression of CFH to protect RPE from aberrant complement activation. 39, 42 Wu et al. 42 and our study showed that IFN-␥ upregulates CFH expression in cultured human RPE cells. Kim et al. 39 found similar results in primary culture cell lines of human RPE. RPE is regarded an important local source of CFH in the outer retina due to the abundant mRNA and protein expressions of CFH detected in freshly isolated RPE and primary RPE cell lines. 38 -40 The constitutive CFH expression of the cultured human RPE cell lines that was used in our study and the study of Wu et al. 42 is low compared with the primary cell lines derived from human RPE. 38 -40 However, the response to IFN-␥ incubation is similar in these two types of human RPE cell lines. The IFN-␥-induced CFH upregulation may protect RPE from the inflammatory damage and complement-mediated lysis of cells.
RPE is constantly exposed to tremendous oxidative stress due to its high metabolic rate and the high cumulative irradiation at the outer retina. 50 -52 Both in vivo and in vitro studies showed that blue light illumination imposes significant stress on RPE and leads to RPE dysfunction. [32] [33] [34] Apart from causing direct damage to RPE, our study showed that blue light illumination reduced the ability of IFN-␥ to increase CFH expression in RPE cells. Other sources of oxidative stress, such as phagocytosis of oxidized photoreceptor outer segment 40 and exposure to chemical oxidants 42 also reduce the production of CFH in RPE. The decrease in CFH expression may lead to aberrant complement activation and RPE dysfunction. 5, 41 The compromised RPE may recruit and activate dendritic cells in choroid which activate the immune system and contribute to drusen biogenesis. 5, 6, 53 Previous studies revealed that CFH is encapsulated and secreted from the apical portion of RPE, and IFN-␥ promotes the secretion. 39 The apical secretion of CFH may promote a CFH gradient that is highest in the subretinal space where it may protect photoreceptors from inappropriate complement activation. 39 Our study showed that the CFH secreted from RPE decreased significantly under photo-oxidative stress, and the decrease was related to the reduced intracellular CFH mRNA and protein expression under photo-oxidative stress but not related to the interference of the secretory process of the protein. This may lead to aberrant complement activation and result in significant retinal degeneration. 41 Animal study showed that the damage caused by photo-oxidative stress on retina is mediated through the alternative complement activation pathway. 54 As an important negative regulator of the alternative pathway, the decrease in CFH expression under photo-oxidative stress may aggravate the light-induced damage on retina.
Human retina is protected from ultraviolet light by cornea and lens, but can be damaged by visible light, especially by the relatively high energy blue light spectrum. 55, 56 The chromophores in RPE formed by rhodopsin intermediates in the photoreceptor outer segments have been regarded as the major source of free radicals under blue light illumination. 30, 57 However, blue light illumination can also damage the lipofuscin-free RPE by inducing the production of ROS in mitochondria. 32, 35 In addition to causing direct damage to RPE, our study showed that the ROS generated under blue light illumination downregulated the expression of CFH in RPE. STAT1 is the transcription factor that mediates the IFN-␥-induced CFH upregulation in RPE cells. 58 It was shown that when RPE cells were treated with H 2 O 2 , FOXO3 of the Forkhead transcription factor family was acetylated and had increased affinity to the promoter region of CFH. 42 Increased binding of the acetylated FOXO3 displaced STAT1 from the promoter region and suppressed CFH transcription. 42 However, our study showed that intracellular superoxide anion generation was directly associated with CFH suppression under blue light illumination and the intracellular H 2 O 2 level did not change throughout the experiments. Further study is warranted to establish the detail mechanism of blue light-induced CFH suppression in IFN-␥-treated RPE cells. Our study results further showed that the suppression of CFH expression under blue light illumination was abrogated by vitamin C and Tempol (Alfa Aesar). Large epidemiologic studies showed that dietary vitamin C supplementation together with other antioxidants have a protective role against AMD. 59, 60 Animal studies also showed that vitamin C and Tempol have protective roles against light-induced retinal damage. 61, 62 This may be related to the modulation of CFH expression in RPE because previous study showed that alternative complement activation plays a crucial role in generating light-induced retinal damage. 54 These results suggested that in addition to its antioxidative effect, vitamin C could modify the inflammatory response in outer retina through the modulation of CFH expression in RPE.
In conclusion, our study showed that blue light-induced photo-oxidative stress reduced the ability of IFN-␥ to upregulate CFH expression in RPE. The decrease in CFH expression may aggravate the immune-mediated damage of RPE under photo-oxidative stress. In addition to its antioxidative effect, vitamin C may have a protective role against inflammatory damage due to its modulating effect on CFH expression in RPE. These results show a new perspective of the mutual influence of oxidative stress and inflammation, and provide a potential novel treatment strategy for AMD.
